Streptovaricin' is a complex of closely related antibiotics which has received extensive study in our laboratories because of its broad in vitro antibacterial spectrum, and its in vivo activity against experimental infections of mice and guinea pigs with virulent strains of Mycobacterium tuberculosis (Siminoff et al., 1957; Whitfield et al., 1957; Rhuland et al., 1957) . A number of interesting phenomena relating to the antibacterial effect of the drug have been observed. In a standard tube-dilution test for bacterial inhibition, end point shifts occurred when the 16-hr incubation period was extended to 40 hr. Subculture of the bacteria from the overgrown tubes into a fresh dilution series indicated either sensitivity equal to that of the parent culture, or apparent chance development of moderate to extremely high resistance to streptovaricin. Another observation has been the occurrence of "skips" in a dilution series, i. e., occasional growth in tubes containing concentrations of streptovaricin in excess of the minimal inhibitory concentration. Such skips appeared frequently when a 20-hr culture of Staphylococcus aureus was inoculated at 10-3 dilution into drug-containing media, but were almost never seen at an inoculum dilution of 10-4 6.
These observations raised a number of questions: (a) Is the development of resistance in the tube-dilution test due to spontaneous mutation or to an adaptation phenomenon? (b) What is the mutation rate? (c) What is the nature of the development of resistance? and (d) What is the basis for the effect of inoculum size upon the antibacterial activity of streptovaricin?
To attempt to answer these questions, we have employed the Luria-Delbriick bacterial fluctuation test (Luria and Delbrtick, 1943) and have made quantitative studies of the growth of relatively small and large populations of S. aureus in the presence and absence of streptovaricin and have analyzed these populations for the emer- 1 The Upjohn Company trademark name is Dalacin.
gence of resistant cells. However, these experiments were complicated by the instability of streptovaricin. When the antibiotic is incubated in the test medium, brain heart infusion broth (Difco) adjusted to pH 6.8 at 37 C, from 40 to 70 per cent of the activity is lost after 16 hr, and 90 per cent by 40 hr (Siminoff et al., 1957) . Therefore, the resistant cells were analyzed for stability of the resistance character and extent of resistance development by the replica plating method (Lederberg and Lederberg, 1952) .
MATERIALS AND METHODS
Of the various components of the streptovaricin complex, streptovaricin C was selected for study because of its greater stability. Since in the preliminary studies bacteria showed the same resistance picture to each of the components, it was felt that the results obtained with streptovaricin C would be representative of the complex.
A strain (no. 284-2) of S. aureus was selected from the parent strain 284 culture because it showed a constant sensitivity end point of 0.78 ,ug per ml. All further studies reported in this paper were carried out with this strain. Inocula were prepared from 16-to 18-hr tube cultures in brain heart infusion broth which had been incubated at 37 C. Counts were made by modification of the surface drop method of Fenner (1951) , based on the work of Miles and Misra (1938) , except for counts made for the bacterial fluctuation test. For total counts, 10 ml of brain heart infusion broth containing 1.5 per cent agar were poured into flatbottom petri dishes, allowed to set, and then partially dried by incubating for 2 hr in a low humidity, 37 C incubator with the lids tipped. Two-tenths ml per dilution was delivered to the plates in a series of 10 drops, 0.02 ml per drop. When the drops were sufficiently absorbed by the agar, the plates were inverted, incubated at 37 C, and counts made at the end of 16 and 40 hr. For counts of resistant bacteria, a total of 0.5 ml per dilution was plated out on brain heart infusion agar containing 79 on August 30, 2017 by guest http://jb.asm.org/ Downloaded from SIMINOFF 10 ,ug of streptovaricin C per ml of agar. The concentration of streptovaricin C of 10 ,ug per ml was chosen for two reasons: (a) it represents approximately a 13-fold increase over the minimal inhibitory concentration and (b) assuming 90 per cent activity loss by 40 hr, the total time for counts, there would still be a residual amount of antibiotic in excess of the minimal inhibitory concentration.
The bacterial fluctuation test was carried out by the procedure of Luria and Delbruck (1943) as adapted by Demerec (1948) to the study of bacterial resistance to antibiotics. Twenty ml of broth was inoculated with a loopful of material from a slant of S. aureus and incubated for 16 hr. The suspension was diluted 10-i in brain heart infusion broth so that 0.5 ml contained about 50 sensitive cells. One-half ml of this diluted suspension was pipetted into each of 23 tubes and 10 ml into a single tube. The tubes were then incubated for 24 hr. Twenty of the independent cultures were analyzed for numbers of resistant bacterial cells by surface plating on brain heart infusion agar containing 10 MAg of streptovaricin C per ml and three tubes were pooled for total count. Twelve 0.5-ml aliquots of the single culture were plated for counts of resistant bacteria.
The details of the replica-plating method will be described in the next section. The independent cultures gave a large ehi-square with an extremely small probability (P < 0.001), therefore showing variation significantly larger than would be expected from sampling variation alone. On the other hand, the single culture samples showed only random variation (P = 0.82) indicating that these were obtained from a homogeneous population.
RESULTS

Bacterial
The second question was partly answered in the negative by the homogeneity test results. The data were further analyzed by determining (Massey, 1951) . The associated probability of the difference between the distributions in the independent cultures and the single culture samples was 0.02 indicating that the two distributions did not arise by random sampling from the same population.
The results of the Luria-Delbrick test clearly support the hypothesis that resistance development to streptovaricin C was due to spontaneous mutation.
Nature of resistance development. Obviously, the choice of 10 Mug of streptovaricin C per ml used as the criterion of resistance in the Luria- Delbruick experiment was arbitrary. Only bacteria resistant to at least 10 jig per ml would be expected to appear on the plates containing that concentration of antibiotic and be counted. However, it is conceivable that mutations to resistance to less than 10 jig had also occurred.
That this was true was indicated by observations that there was a significant increase in the number of colonies which could be counted on antibiotic-containing agar if incubation of plates was prolonged to 40 hr. No such increase in cell numbers was observed on antibiotic-free agar, indicating that the effect was not the result of variation in growth rate of the cells under normal circumstances. Since the antibiotic continually loses activity during the course of incubation, it seemed possible that the late-emerging cells were bacteria resistant to less than 10 ,ug per ml which were static until the drug degraded to ineffective levels. A test which could prove this hypothesis would also describe the nature of the development of resistance, that is, whether it was a firststep mutation of the streptomycin-type or penicillin-type (Demerec, 1948; Bryson and Demerec, 1950) . The experimental approach used was an adaptation of the replica plating technique of Lederberg (Lederberg and Lederberg, 1952) . A typical Luria-Delbruick test was performed and five plates prepared from independent cultures and two from single tube samples were selected for replication. The plates were examined for counts at the end of 16 hr incubation and were replicated on a fresh series of plates containing 0, 1, 5, 10, and 100 Mig per ml of streptovaricin C (first replication). The plates were then returned to the incubator for an additional 24-hr period, the numbers of emergent colonies were tabulated and indicating that mutation to higher resistance had occurred within the colony after initial plating.
The majority of colonies resistant to 5 jig of antibiotic per ml were also resistant to 10 ,ug per ml; a number of cells were resistant to 5 but not to 10 ,ug per ml (in particular, plates 2 and 3). There were a few instances of resistance to 1 ,g per ml but inot to 5; the 10-fold difference between 1 andl 10 ,g per ml appeared much less critical than that between 10 and 100 ,ug per ml. Thus, the data suggest that there was first step resistance to low (1 ,ug per ml), moderate (5 to 10 ,ug per ml), or high (greater than 10 ,ug per ml) levels of antibiotic. This pattern is consistent with the streptomycin type rather than the penicillin type of resistance development.
Effect of inoculumn size on bactericidal activity. If a 10-23 dilution of a 16-hr broth culture of S. aureus is incubated with 10 ,ug of streptovaricin C per ml, a gradual decline in bacterial census is observed until the number is reduced by a factor of 10 by the 8th hr. At the end of 24 hr, the number of viable cells in the treated culture is as great as in the untreated control. If a 10-4.6 dilution is so treated, the rate of population decline is the same as that shown by the greater inoculum, except that it continues and no viable cells can be detected 24 lir later. These two situations are depicted in figure 1 .
The culture developing from a higher inoculum rate was then examined for growth of resistant cells. Samplings of the control and treated cul- In the untreated culture, cells resistant to 10 ,ug per ml were detected by the 1st or 2nd hr. The growth curve of these mutants then closely followed that of the total population. At the midpoint of the logarithmic growth phase (the 3rd hr), the fraction of cells resistant to 10 ug per ml was 1.3 X 10-7. By the 24th hr, this fraction was virtually the same, i. e., 1.2 X 10-7.
As in the case of the plate counts in the LuriaDelbriick experiment (table 2) , there was an increase in the number of colonies appearing on those streptovaricin agar plates which had received samples of the untreated culture for counts of resistant cells. This pattern of emergent cells was not seen until after the 3rd hr of incubation. If it is assumed that the replica plating analysis also applied to these bacteria, then these emergent colonies were cells resistant to concentrations of antibiotic lower than 10 ,ug per ml. Therefore, the curve including the emergent cells also shown in figure 2 represents the probable total number of mutants at each time interval and at levels of antibiotic up to at least 100 ,g per ml. By the 24th hr, the fraction of such resistant bacteria was 4.3 X 10-6.
The bacterial population exposed to streptovaricin C again showed a decline in cell numbers at least through the 8th hr and apparent subsequent recovery and an ultimate bacterial census equal to that of the control at 24 hr. Analysis of resistance development during this growth period showed a delayed appearance of resistant bacteria until after the 3rd hr. Thereafter, these mutants multiplied rapidly so that by the 8th hr they comprised a fraction of 0.044; at the 24-hr period, all the viable cells in the culture were streptovaricin-resistant. Consideration of the slopes of the two curves for total and resistant cells would indicate that they intersect at 9.7 hr, i. e., the time at which the treated culture had completely converted to resistance. It is also of interest that there was no change in cell counts in samples from the exposed culture. This would indicate that only those mutants resistant to at least 10 Mg per ml could survive or multiply.
The data in figure 2 also raised the question whether the resistant bacteria in the untreated culture developed from a small number of mutants carried in with the inoculum or arose from one or more independent mutations during the It is seen that there is a relatively high probability (P = 0.41) that four assays at time 0 wsill give a negative result for resistant bacteria whein sampling from a population of 0.22 cell per 0.5 ml. In one trial, no mutants were detected at times 0 and 1 hr, whereas at least 1 cell was detected at the 2nd hr. The probability for such a result at 0-, 1-, and 2-hr intervals, analyzing 1-, 0.5-, and 0.5-ml samples, respectively, is (0.80)2(0.41) (0.97) = 0.25. In the second trial, positive tests were obtained at the 1st and 2nd hr. The probability for this result is (0.80)2(0.59) (0.97) = 0.37. If preresistant cells were present in the inoculum at a concentration of 0.22 per 0.5 ml, then these probabilities of 0.25 and 0.37 are the second largest and largest that can be associated Nitlh possible outcomes of the two trials. Thus, the growth curve obtained for resistant bacteria in the untreated culture probably arose entirely from the preresistant cells in the inoculum and( not from a new event during the growth period.
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Assuming this to be true, we then calculate the generation time for the resistant cells to be 32 min, which is in good agreement with the generation time of 35 min for the sensitive parent. Estimation of the mutation rate. The mutation rate was determined from the independent culture data in table 1 using the method of Luria and Delbruck (1943) , (Armitage, 1952) By solving for a, we obtained an estimated mutation rate to streptovaricin C resistance (10 ,ug per bacterium per generation) of 2 X 10-8. This compares with S. aureus mutation rate to penicillin resistance of 1 X 107 and Escherichia coli mutation rate to streptomycin resistance (1000 ,ug) of 1 X 10-1 (summarized by Braun, 1953) .
DISCUSSION
The results of the bacterial fluctuation test prove that during the proliferation of sensitive bacteria, a number of mutation events will lead to the appearance and growth of a small number of cells resistant to streptovaricin C. These mutants apparently show a random degree of resistance, from low to very high.
The conditions in the tube-dilution test illustrate the situation in which a small inoculum is used containing no preresistant cells. In the tubes of high antibiotic concentrations, despite a relatively slow killing rate, the probability of a mutation event is so small that it almost never occurs and one does not observe growth even with prolonged incubation. However, at borderline levels of antibiotic, the situation is complicated by the instability of streptovaricin. Since the drug is rapidly degraded, a subinhibitory level is reached before a complete liquidation of the population is achieved. The medium will appear negative to visual inspection but will, in fact, contain bacteria which are still viable. With prolonged incubation, there is opportunity for growth and mutation (if such mutations had not already occurred) and the resulting population will be a mixture of sensitive cells and bacteria resistant to various concentrations of streptovaricin C. Therefore, samplings from such cultures reinoculated into a fresh dilution series will show a random dispersion of sensitivities depending upon the nature of the emergent culture. A series of tests at different times would then be expected to show end point shifts seemingly involving sensitive bacteria as well as cells showing different resistance levels.
An analogous situation seems to take place in the replica-plating experiment. It will be recalled that in practically all cases, more emergent colonies grew successfully at the various drug concentrations on the second replication than on the first. Two successive events may have taken place which account for this finding: (a) The bacterium, which was sensitive to 10 Ag of streptovaricin C per ml, but resistant to lower concentrations, was not killed but held static until the antibiotic was sufficiently degraded. At this point growth was initiated, or (b) with growth, there was chance mutation to higher resistance. Whether this mutation was detected on the first or second replication depended on the time the event occurred, i. e., the number of divisions the mutant had undergone before the replication was made.
The observations of skips occurring in a tubedilution series illustrate the situation where the inoculum is sufficiently large that there is chance introduction of a preresistant cell. Since analysis of the number of spontaneous mutants in a culture of S. aureus which has reached the stationary phase is about 102 out of a population of 109 or 1 in 107, in a series of samples of 106 cells, one or two will almost certainly contain one or more of these resistant bacteria. Since the resistance character itself is random, the appearance of a skip tube depends upon the introduction of the mutant into a tube containing a concentration of streptovaricin C to which the mutant happens to be resistant. rate to resistance to 10 ,ug of drug per bacterium per generation was approximately 2 X 10-8. The nature of the resistance development was analyzed by replica plating procedures on graded concentrations of streptovaricin C and found to be random one step mutations to low, moderate, or high resistance of the streptomycin type. The bactericidal effect of 10 ,ug of streptovaricin C per ml on small (104 cells) and large (106 to 107) bacterial populations in relation to resistance development was determined. The small population gradually declined and no viable cells were detected after 24 hr. The larger inoculum showed about a one-log drop in total viable cells after 7 hr followed by a rise in numbers equal to that of the untreated control at the end of 24 hr. This emergent population was found to contain almost exclusively bacteria resistant to at least 10 ,ug of streptovaricin. In contrast to the control where mutants could be detected within 1 hr, the appearance of mutants in the culture exposed to the antibiotic was delayed for 3 hr.
